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Reliable knowledge of the critical heat flux is vital for the design of light water reactors, for 
both safety and optimization. The use of wholly empirical correlations, or equivalently “look 
up tables”, can be very effective, but is generally less so in more complex cases, and in 
particular cases where the heat flux is axially non-uniform. Phenomenological models are in 
principle more able to take into account of a wider range of conditions, with a less 
comprehensive coverage of experimental measurements. These models themselves are in part 
based upon empirical correlations, albeit of the more fundamental individual phenomena 
occurring, rather than the aggregate behaviour, and as such they too require experimental 
validation. In this paper we present the basis of a general-purpose phenomenological code, 
GRAMP, and then use two independent ‘direct’ sets of measurement, from BARC in India 
and from Harwell in the United Kingdom, and the large dataset embodied in the Look Up 
Tables, to perform a validation exercise on it. Very good agreement between predictions and 
experimental measurements is observed, adding to the confidence with which the 
phenomenological model can be used. Remaining important uncertainties in the 
phenomenological modeling of CHF, namely the importance of the initial entrained fraction 
on entry to annular flow, and the influence of the heat flux on entrainment rate, are identified 
and partially quantified. 
 
1 INTRODUCTION 
‘Critical heat flux’, ‘CHF’, relates to the conditions when fuel temperatures can suddenly 
increase sharply, as it ceases to be cooled by liquid and the surface is in contact with only the 
vapor phase which is a less effective coolant. CHF plays a major role in determining LWR 
design and operation. Accordingly, methods to determine the conditions under which CHF 
can occur have long been an important research topic for LWR’s. ‘Phenomenological 
modeling’, more mechanistically-based than look-up tables or associated correlations, could 
play an increasing part, as the need to assess reactors with highly non-uniform heat fluxes 
increases with higher fuel burn-up and longer core lives. In this paper we present the 
physical basis, and address the validation, of one such phenomenological model, the GRAMP 
code. Much of the initial development and application of GRAMP has been to hydrocarbon 
flow modeling, and we here report on more recent focusing on nuclear thermal hydraulic and 
CHF applications. Validation is performed using independent measurement data from BARC 
in India and Harwell in the UK, and from the ‘Look Up Tables’. 
In Section 2 the background to CHF and its prediction is discussed. The GRAMP code, and 
the underlying principles of phenomenological modeling for CHF prediction are described in 
Section 3. In Section 4 the two sets of measurements of CHF, from BARC and Harwell, are 
described. In Section 5 the prediction of these cases, and of cases from the Look Up Tables, by 
the GRAMP model, are presented. Conclusions given in Section 6. 
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2 “CRITICAL HEAT FLUX” AND ITS PREDICTION 
2.1 The meaning, and regions of operation of CHF 
At low to medium heat fluxes, boiling heat transfer is an efficient means of transferring heat 
from a surface to a fluid flowing over it. The fluid can either be a sub-cooled liquid (in which 
case the boiling process is referred to as sub-cooled boiling) or a vapour-liquid mixture. 
However, under certain conditions, a transition can occur which leads to a less favourable 
heat transfer situation. This transition can be characterised as follows: 
For a constant heat flux surface (e.g. one with electrical heating or nuclear heating), the 
transition results in a large increase in surface temperature following a small increase in 
surface heat flux, or a small decrease in fluid flow rate or a small increase in the fluid 
temperature entering the system. 
Many names have been given to this transition and this has caused considerable confusion. 
Perhaps the most correct names are boiling transition or boiling crisis but these have not been 
widely adopted. All of the other names (departure from nucleate boiling (DNB), burnout, dry-out, 
critical heat flux (CHF)) contain an implicit assumption of the mechanism of the transition 
and/or of its consequences. However, in what follows, we (reluctantly!) use the term CHF to 
describe the transition, as this nomenclature is now widely adopted. However, it should not 
be taken to imply that the transition is governed specifically by heat flux. 
CHF is of profound importance in water reactor design and analysis. Its significance spans 
from “normal operation”, where boiling processes contribute to imposing limits on powers 
and power densities, to various aspects of postulated accidents, involving the drying-out of 
heated surfaces. The importance of the CHF phenomenon is reflected in the large literature 
on the subject. Extensive early reviews are given by Hewitt(Hewitt, 1982), Tong and 
Tang(Tong and Tang, 1997) and Hewitt(Hewitt, 1998), and the continuing activity in the area 
is evidenced by recent reviews such as Hall(Hall and Mudawar, 2000a). 
In gas-liquid mixture flows in vertical pipes, the phases adopt a variety of spatial and 
temporal distributions, referred to as flow regimes or flow patterns. Though a wide range of 
names has been given to these phase distributions, a reasonably well accepted set of 
descriptions for vertical up-flow is as follows: bubbly flow, slug flow, churn flow and annular 
flow. The annular flow region may be subdivided into two regions, namely annular flow and 
wispy annular flow. In the latter regime, agglomeration of the entrained liquid into larger 
elements (“wisps”) is likely to occur.  These flow regimes and the corresponding transitions 
between them are of immense importance in predicting the transition of a regime of high heat 
transfer coefficient to one of greatly reduced heat transfer coefficient (i.e. CHF).  
Many two phase flow regime maps, mainly proposing transition boundaries between 
different flow patterns in two dimensional coordinates, have been proposed. Most of these 
are based on experiments and the particular pattern one observes depend upon flow rate, the 
fluid properties and tube size. In this work we have used flow regime map of Hewitt & 
Roberts (Hewitt and Roberts, 1969), which proposes transition boundaries in terms of 
dimensional coordinates i.e. superficial momentum fluxes (ρୋUୋୗଶ  and ρ୐U୐ୗଶ ). 
A general representation of flow regimes and associated wall temperatures in vertical flow in 
a heated tube is given in Figure 1(Collier, 1998). 
A qualitative representation (Semeria and Hewitt, 1972) of the regions of operation of the 
various mechanisms of CHF is shown as a function of mass flux and quality in Figure 2. Here, 
quality is defined on a thermodynamic basis, a negative quality indicating that the enthalpy 
of the fluid is lower than the saturated enthalpy of the liquid phase. 
In this paper the emphasis is on the film dryout region; however, the low and negative 
quality regions can be important in some circumstances. 
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2.2 “Critical heat flux” mechanisms: Sub-cooled and low quality 
In sub-cooled and low quality flow boiling, bubbles are formed at the wall and interact with 
the liquid phase, this interaction leading to in-situ condensation or bubble release from the 
wall and (when the bulk fluid is sub-cooled) subsequent condensation of the bubble. This 
nucleate boiling is a very effective means of heat transfer, and wall temperatures very little 
above fluid temperatures are sufficient to remove large heat fluxes. As the heat flux through 
the surface is increased, the rate of formation of these bubbles, and their areal density, 
increases. At some critical heat flux the high bubble density, and / or the inability of the fluid 
to re-wet the wall following their departure, results in the wall being blanketed with vapour. 
Heat transfer through this vapour layer is very poor, and with the postulated fixed heat flux, 
the surface temperature must rise greatly. As will be seen from Figure 2, this “bubble 
boundary layer” mechanism occupies a significant area of the mass flux/quality chart. 
However, at very high sub-cooling (low quality), the formation of hot spots under individual 
bubbles can be an important mechanism and at low mass fluxes and near-zero qualities, 
dryout of the liquid film under a vapor clot or under a Taylor bubble in slug flow can also 
become important. 
2.3  “Critical heat flux” mechanisms: High quality film dry-out 
The other main physical circumstances under which a dramatic transition in surface heat 
transfer occurs is in the final drying out of the liquid film; the interface between regions F and 
G of Figure 1, and the end of ‘annular flow’. Prior to this point the liquid film has been subject 
to a loss of liquid both from entrainment of droplets from its surface, and by evaporation. It 
was also in receipt of liquid, by the deposition of droplets entrained in the vapour flow in the 
core. The balance of these effects is that, at least for a uniform heat flux, the film thickness and 
mass flow rate reduce with height, up to the point where they both become zero, and film 
dry-out occurs. 
This high quality, film dry-out regime is where we will focus in this present work. 
2.4 The prediction of CHF; Look-Up Tables 
Vast numbers of experimental measurements of CHF have been made, reflecting its wide 
industrial importance, in particular in the nuclear power area. As an indication, the latest set 
of ‘Look Up Tables’ (LUT), about which more below, are based on a collection of some 30,000 
measurements(Groeneveld et al., 2007). The direct use of these LUT is perhaps the 
conceptually simplest way to identify CHF conditions. 
2.5 The prediction of CHF; Correlations 
These CHF data are commonly correlated to provide convenient tools to identify when CHF 
is to be expected, and a very large number of such correlations have been proposed. As with 
correlating any set of experimental measurements, a degree of physical insight must be 
employed to identify the most significant independent variables, and (even more) the 
groupings into which these most naturally fall. Tong(Tong and Tang, 1997) gives a helpful 
description. Nonetheless, the process is naturally still essentially empirical. It is also a very 
‘non-deterministic’ one. As early as 1964 Milioti, in a Penn State University thesis, is reported 
by Collier(Collier, 1972) as having identified some 59 correlations. The generation of 
correlations has continued. In a recent review, Hall(Hall and Mudawar, 2000b) identified 
over 100 correlations for sub-cooled flow in a uniformly heated round tube. 
2.6 The prediction of CHF; phenomenological modeling’ 
The third main approach to the prediction of CHF is generally known as ‘phenomenological 
modeling’, which is the focus of this present work. 
Broadly, this approach seeks to identify the phenomena involved, and to predict CHF taking 
these dominant physical processes into account in as mechanistic a way as possible 
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For low quality, high heat flux CHF, phenomenological modeling has focused on bubble 
crowding mechanisms, associated with Weismann and Pei(Weisman and Pei, 1983). 
Empirical correlations of individual phenomena, such as bubble sizes and number densities, 
and bubble mixing rates, are combined in an attempt to predict departure from nucleate 
boiling. 
Here, we are concerned with the other end of the CHF spectrum, of film dry-out. We will 
discuss the phenomenological modeling of film dry-out in the context of the GRAMP code, in 
Section 3 below. 
It is clear from the above, but is worth emphasizing, that phenomenological modeling does 
not avoid the use of empiricism. In general empirical relationships are still needed to 
characterize phenomena such as droplet entrainment and deposition. If these constituent 
relationships are sufficiently general then the phenomenological model can be applied to a 
wide range of conditions. The predictions based on these, and derived from sets of 
experimental measurements, still must be validated against independent, different 
experiments, and after a presentation of the basis of the GRAMP code, this is the second 
objective of the present paper. 
2.7 The motivation for phenomenological modeling 
There is a vast collection of data for CHF, and its presentation via LUT, or via aggregated 
correlations, provides a very good means to predict CHF within the range of the data from 
which they were derived. 
In any area of analysis, the more ‘mechanism-based’ is the predictive technique, the more 
generally it is able to be applied, and this is the case with phenomenological modeling of 
CHF. A major area where such CHF predictions using correlations or LUT are lacking is the 
prediction of CHF for cases where the applied heat flux is not uniform along the channel. 
Uniform heat flux is used in the vast majority of measurements. There have been various 
attempts to provide empirical modifications and multipliers to allow for ‘non-uniform’ heat 
fluxes, but if nothing else ‘non-uniform’ naturally is an undefined, unbounded class of cases. 
Particularly with moves to long life and high burn-up cores, with in addition burnable 
poisons and so on, the axial variation of heat flux can take on a wide variety of forms, and can 
vary quite radically during the life of a core. Assessment over the large range of conditions 
needed for safety analyses will probably always require experiment, but a reliable, more 
mechanistic predictive approach, to reduce the number of bespoke measurements required, is 
highly desirable. For highly variable axial shapes, LUT and correlations really are not good 
enough. The phenomenological modeling approach lends itself naturally to the prediction of 
these effects. 
3 THE GRAMP CODE 
3.1 Introduction 
The one-dimensional GRAMP code (General Runge-Kutta Annular Modeling Program) has 
been developed over a period of some years, primarily via a series of PhD projects at Imperial 
College(Barbosa, 2001; Hawkes, 1996), but the basis of and validation for CHF prediction has 
not been openly published. 
In this paper the basis of GRAMP for CHF is outlined, the fundamental models on which it 
relies are described, and the origin and form of the correlations used to represent the various 
phenomena are identified. An assessment of GRAMP’s predictive ability for film dryout 
CHF, by comparison with two distinct sets of experiments, and against the LUT, follows in 
Section 5. 
For present purposes, GRAMP has been used to model the steady upwards flow of fluid in a 
pipe with a specified wall heat flux. In the calculations described here, the wall heat flux has 
been taken to be constant, to suit the conditions of the experiments against which validation 
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is being performed. The code has models for the pre-annular regimes (see Figure 1) and for 
the transitions between them. Thus, in evaporating flow in a tube, the inlet fluid is single 
phase liquid and the flow regime passes successively through single phase liquid, bubble 
flow, slug flow, churn flow and leads finally to annular flow. Prediction of film dryout in 
annular flow is the principal objective of the work described here. 
By a combination of flow-regime maps, and conservation equations for energy, momentum, 
and mass (linking slug, film, entrained droplet and vapour flow rates, with closure between 
these provided by empirical relationships), GRAMP predicts flow regime transitions, and 
ultimately film dry-out. The GRAMP code provides a generic platform for the 
implementation of phenomenological models for individual flow regimes, and the transitions 
between these regimes. It integrates various balance equations along the length of pipe to 
determine, locally, parameters such as void fraction, pressure gradient, film thickness and 
entrained liquid fraction. 
The current version of GRAMP can be applied to both air-water and oil-gas flows, besides 
steam-water flows, and indeed much of its use has been for oil and gas analyses. 
Whilst GRAMP predicts semi-mechanistically the various flow regimes that precede the 
”annular liquid film, vapour plus entrained droplets core” regime, it is with this latter regime 
that we are primarily concerned here. The prediction of dry-out of the liquid film follows 
from establishing expressions at an axial location for each of:- 
-the rate of loss of liquid from the film through evaporation 
-the rate of loss of liquid from the film through entrainment of droplets into the vapour 
-the rate of addition of liquid to the film from deposition of droplets from the vapour 
The net result of these, the net rate of increase of film liquid flow rate, is then integrated along 
the flow direction, and the point when this flow rate falls to zero is taken to be the location of 
CHF. 
As will be discussed in more detail below, the three individual rates are either determined 
mechanistically (the evaporation rate), or via empirical correlations derived from 
experimental observations. 
Plainly, this integration requires initial conditions from which to begin. This is an issue that 
anyway depends on the flow regime map that indicates the transition to annular film flow, 
and requires that some initial degree of droplet entrainment, at the beginning of this regime, 
be specified. This is a difficult issue, where good experimental data is quite understandably 
sparse, and it will be discussed further below. 
3.2 Physical basis 
In the present work we are concerned with the annular flow regime modeling of GRAMP, as 
this is the mechanism operating in the experiments being analysed. 
In the annular flow regime, the liquid phase is present as a film flowing along the wall of the 
pipe, and as droplets entrained in the vapour core(Hewitt and Hall-Taylor, 1970). Droplets 
are created at the crests of disturbance waves traveling on the film and are subsequently 
deposited onto the liquid film by the action of the turbulence in the vapour stream. 
In annular flows, the occurrence of dry-out depends upon the competition between 
entrainment, deposition and evaporation. Liquid is lost from the film as a result of droplet 
entrainment and evaporation, and it is gained by the film by droplet deposition. These 
various processes are indicated symbolically in Figure 3, and the associated symbols are 
defined in the nomenclature section. 
The rate of evaporation and entrainment may overcome that of deposition, and lead to liquid 
film dry-out. In the GRAMP annular flow dry-out model, the equations for entrainment, 
deposition and evaporation are integrated along the channel, with conditions at the onset of 
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annular flow (i.e. from the churn-annular transition) taken as the boundary condition for the 
integration. When the film flow rate is predicted to be zero, then dry-out is taken to occur.  
The balance equations for annular flow are derived by assuming steady state one 
dimensional flow with a uniform liquid film thickness around the perimeter of the pipe. Also 
it is assumed there is no slip between the vapour and droplet stream. 
Defining the individual component mass fluxes as the individual component mass flow rates 
divided by the whole pipe cross section, the mass balances for the liquid film, the entrained 
liquid and the vapour phase are as follows: 
Liquid film: 
 
d
dz
GLF =
4
d
D − E − VLF( )  (1) 
Entrained liquid 
 
d
dz
GLE =
4
d
E − D − VLE( )  (2) 
Vapour 
 
d
dz
GG =
4
d
VLF + VLE( )  (3) 
For present purposes we take vaporization to take place only from the film. With the wall 
wet, there is no scope for the vapour to be heated beyond saturation. The quantity VLE  is thus 
zero. 
Since the total mass flux is known, these three equations can be reduced to two. 
In GRAMP, further manipulations are made to develop an algebraically different, but 
conceptually basically similar, form. A droplet entrained fraction, θE , is defined as the 
entrained droplet mass flow rate divided by the total liquid flow rate: 
 θE ≡
GLE
GLE + GLF
 (4) 
Defining then the ‘individual flow qualities’ for entrained liquid, liquid film and vapour (gas) 
as 
 xLE ≡
GLE
G
 (5) 
and 
 xLF ≡
GLF
G
 (6) 
and 
 xG ≡
GG
G
 (7) 
we can write (4) as 
 θE =
xLE
xLE + xLF
 (8) 
Using (5), and the observation that VLE  is zero, equation (2) can be written 
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d
dz
xLE =
4
Gd
E − D( )  (9) 
From (8), equation (9) can be written 
 
d
dz
θE xLE + xLF( )  = 4Gd E − D( )  (10) 
and as xLE + xLF = 1− xG we have  
 
d
dz
θE 1− xG( )  = 4Gd E − D( )  (11) 
or on differentiating and rearranging 
 
dθE
dz
=
1
1− xG( )
4
Gd
E − D( ) +θE dxGdz



  (12) 
Similarly, we can write (3) using (7) as 
 
dxG
dz
=
4
dG
VLF( )  (13) 
Equations (12) and (13) are the pair of coupled ordinary differential equations that are solved 
in GRAMP. 
3.3 Boundary conditions 
The integration of the balance equations described in Section 3.2, that is, equations (12) and 
(13), (or two of equations (1), (2) and (3)), or starts from the onset of annular flow, and 
continues as far as the dry-out point. 
This requires both that the location of the transition to annular flow be provided, and that 
two initial (boundary) conditions are identified from which to begin the integration. 
3.3.1 The location of transition to annular flow 
During churn flow there is both upward and downward flow. The flow reversal point is the 
location at which all downward flow ceases, and this point is taken to be the transition to 
annular flow. A simple expression to determine that point is given by Wallis(Wallis, 1969): 
 UGS
*
= UGS
ρG
gd ρL − ρG( ) ≅ 1 (14) 
where UGS
*  is dimensionless superficial vapour velocity. 
3.3.2 The flow quality at the transition to annular flow 
The division of the total flow between liquid and vapour is simply arrived at from a heat 
balance, evaluated progressively along the flow channel by GRAMP. This is done from the 
beginning, where the flow is sub-cooled liquid, passing through the earlier flow regimes, and 
causing the appropriate value then to be available to be used as the initial condition for the 
annular film flow portion of the calculation. 
3.3.3 The entrained liquid fraction at the transition to annular flow 
One boundary condition needed is the initial entrained fraction (or equivalently, the initial 
entrained mass flow rate) at the onset of annular flow. In a situation where annular flow is 
created ‘artificially’ in an experiment, especially in adiabatic air water experiments, this value 
is generally known, and is typically either zero or one depending upon the method via which 
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liquid flow is injected into the test section. This obviously is not relevant to the conditions at 
the onset of annular flow during boiling. 
In cases where transition to annular flow takes place from churn flow as a result of an 
increase in quality, some other approach is required. There is unfortunately a dearth of data 
on entrained fraction at the transition from churn flow to annular flow. 
Barbosa et al(Barbosa et al., 2002) carried out experiments at low pressure and low mass 
fluxes, and proposed an empirical correlation for the initial entrained fraction at the onset of 
annular flow, although it is high pressure and high mass flux conditions that are of present 
interest. 
In the present calculations, unless noted otherwise, a value of 0.7 entrained fraction at the 
onset of annular flow has been used. This is consistent with the value used by 
Azzopardi(Azzopardi, 1996). We will investigate this point in section 5.2 below, but it is clear 
that this value for entrained fraction is important and needs further evaluation. 
3.4 Constitutive Relations: 
Constitutive relations are required to close the system of balance equations described in the 
previous section. Those needed are the rates of entrainment, deposition and evaporation. 
These relations normally come from empirical or physical models, most often based on 
separate effects experiments. In this section we will discuss the various constitutive relations 
used in GRAMP for this present study. 
Govan(Govan, 1990) derived correlations from a set of some 2,354 data points (1,366 for 
entrainment and 988 for deposition) from 22 sources, encompassing 9 different vapour-liquid 
combinations. The correlations he obtained are such that about two-thirds of the data lie 
within ±30% for both entrainment and deposition rate. These are the correlations employed in 
GRAMP, and they are discussed further below. 
3.4.1 Deposition Rate: 
Most of the correlations available in literature are based on the assumption that droplet 
deposition on the liquid film is controlled by diffusion processes. In essence, there is a net 
transfer of droplets from regions of high droplet concentration to regions of low, carried by 
turbulent eddies, and where the film itself acts as a sink for droplets, which once they 
impinge on it are absorbed into it. 
A variety of droplet deposition correlations is available in the literature(Hewitt and Govan, 
1990; Kataoka et al., 2000; Okawa et al., 2004; Sugawara, 1990). As noted above, in the present 
study we have used the deposition correlation of Hewitt and Govan(Hewitt and Govan, 
1990). The droplet deposition rate (liquid mass per unit area per unit time) is expressed as 
 D = kDC  (15) 
where C is the concentration of droplets in the core vapour flow, given by 
 C = GLEGG
ρG
+
GLE
ρL
 (16) 
Note that here the quantity C has dimensions of mass per unit volume, and kD has 
dimensions length per unit time. 
The droplet deposition coefficient, kD, is itself a function of droplet concentration in the 
vapour core, and is given by: 
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 kD =
0.18 σρGd




0.5
                   i f CρG
≤ 0.3
0.083 σρGd




0.5 ρG
C




0.65
   if CρG
> 0.3





 (17) 
It is worth noting that in the higher concentration region (
C
ρG
> 0.3) the droplet deposition 
coefficient is itself a function of droplet concentration C to the power -0.65, giving a 
deposition rate proportional to C0.35, in contrast to the linearity superficially apparent in (15). 
3.4.2 Entrainment Rate 
Droplet entrainment mainly occurs due to the undercutting and break-up of liquid from 
disturbance waves due to the interfacial shear force between the vapour core and the annular 
liquid film(Whalley et al., 1979). In heated annular flows, there is some experimental evidence 
that entrainment may be enhanced due to liquid film boiling, especially in the case of higher 
heat fluxes and shorter tubes(Milashenko et al., 1989). However, the earlier experiments at 
Harwell(Keeys et al., 1971) suggested this effect to be small. This conflicting literature is 
indicative of a significant residual gap in understanding, and in our ability properly to model 
this process. New measurements are needed to resolve this issue. 
In GRAMP only the first type of entrainment mechanism is considered; heat flux effects are 
not included, pending resolution of this conflict in the literature. 
As in the case of the deposition rate, various entrainment correlations are available in 
literature(Hewitt and Govan, 1990; Kataoka et al., 2000; Okawa et al., 2004; Sugawara, 1990). 
In the current study the Govan and Hewitt entrainment correlation(Hewitt and Govan, 1990) 
is used. This is: 
 E =
0                                                                       ;  if GLF ≤ GLFC
5.75 ×10−5 × GG
dρL
σ × ρG2
GLF − GLFC( )2


0.316
   ; if GLF > GLFC



 (18) 
where GLFC  is a critical liquid film mass flux given by 
 GLFC =
μL
d
exp 5.8504 + 0.4249
μG
μL




ρL
ρG




0.5




  (19) 
3.4.3 Evaporation rate 
The evaporation of the liquid film is derived with a steady state assumption, that all the heat 
is used to evaporate and no superheating of liquid in the film takes place. The rate is given 
by: 
 VLF =
′′q
H LG
 (20) 
3.5 Determination of CHF 
For critical heat flux prediction purposes with GRAMP, the well-established criterion that the 
film flow rate goes to zero at the CHF location is used. This criterion is consistent with 
experimental measurements of Hewitt(Hewitt, 1970) of film flow rate and CHF, and is a good 
approximation in most cases. However, in detail, the actual breakdown process may be quite 
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complex with the film breaking down into rivulets just before the occurrence of the elevation 
of temperature characteristic of CHF. However, the equivalence of the condition of zero film 
flow rate and CHF has been demonstrated to be a reasonable hypothesis based on the 
experimental evidence(Hewitt et al., 1965). 
4 EXPERIMENTAL MEASUREMENTS OF CHF 
The two sets of CHF experiments discussed here were both obtained in high pressure steam 
water facilities, one at the Harwell laboratory in the UK and the other the Bhaba Atomic 
Research Centre (BARC) in India. A simplified representation of the circuit used in the BARC 
experiments is illustrated in Figure 4. 
Water is pumped to a pre-heater whence it passes into the test section via a control valve. 
Within the test section the water is heated with a well-characterized heat flux, produced by 
passing a large axial electric current through the test section wall between the two busbars 
shown. The steam-water mixture, after passing through the test section, enters the condenser, 
the cooling water supply to which is controlled to control the pressure. The condenser also 
acts as a water reservoir. In case of physical burnout, for safety purposes, emergency valves 
are provided to isolate the test section from the rest of the loop. In order to measure the test 
section surface temperature, and locate the dry-out point, a series of thermocouples is 
attached along the length of the test section. Dry-out is inferred by noting the location at 
which a marked increase in test section wall temperature is observed. The circuit used in the 
Harwell experiments is broadly similar except that the arrangements for pressurizing the 
system were different and the CHF condition was detected by differential measurements of 
test section electrical resistance. 
The usual experimental procedure is that initially the system parameters pressure, inlet 
temperature and flow rate are adjusted to desired values, and the electrical current between 
the busbars is then raised in small steps. For a uniformly heated tube, this experimental 
procedure causes CHF to occur at the top of the tube. The sudden rise of the surface 
temperature at the CHF location, the highest thermocouple, is used as a signal to actuate the 
power supply trip. 
In this present paper we are presenting validation of GRAMP against two sets of 
measurements. Both are broadly representative of BWR conditions. 
One set, 125 data points, was obtained recently at the Bhaba Atomic Research Centre (BARC), 
in Mumbai, and has been reported in more detail by Chandraker et al(Chandraker et al., 2011; 
Chandraker et al., 2008). 
The second set of measurements, 36 data points, was made at the UKAEA Harwell 
laboratory, and has been reported by Bennett et al(Bennett et al., 1965). 
The various experimental conditions are summarized in Table 1. 
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 BARC Harwell 
Pressure 29-71 bar 67-71 bar 
Mass Flux 820-1700 kg m-2 sec-1 620-2000 kg m-2 sec-1 
Diameter 8.8 mm 12.6 mm 
Length 3.5 m 1.82-5.56 m 
Inlet sub-cooling 10 – 45 K 5 – 110K 
Heat Flux 832-1220 kW m-2 580-2000 kW m-2 
Exit Quality 0.57-0.93 0.39-0.95 
Boiling Length 2.9 - 3.4 m 1.2 - 5.0 m 
Table 1 
The conditions employed in each of the BARC and Harwell measurements 
5 THE APPLICATION OF THE GRAMP CODE 
5.1 CHF predictions of the BARC & Harwell measurements 
In Figure 5 we show the BARC measured CHF values, and the predictions of GRAMP for 
these cases, and in Figure 6 to we show the Harwell measured CHF values, and the 
predictions of GRAMP for these cases. 
Results are given for both direct comparison of predicted and measured CHF, and the 
variation of the error in prediction with each of mass flux, outlet pressure, and outlet quality. 
In general terms both sets of data cover BWR conditions, with the BARC measurements 
extending to lower pressures, whilst the Harwell results cover a wider range of values of exit 
quality, heated length and inlet sub-cooling. 
The general observation is that the prediction of the measurements is good, with peak errors 
below 11%. Combining the BARC and Harwell predictions, the mean error, the RMS error 
and the standard deviation for the GRAMP predictions have been computed. There is 
generally a scatter in error, with the only trend perhaps being a move from a general under 
prediction to over prediction as quality increases, which is associated with the sensitivity to 
initial entrained fraction, discussed further below. 
These same quantities have been computed for the values of CHF obtained by use of the Look 
Up Tables to analyse these experiments. 
The LUT and GRAMP errors are summarized in Table 2. For practical purposes, the errors 
from the Look Up Tables and GRAMP are the same for these uniform heat flux cases. 
 
 GRAMP LUT 
Mean Error -2.9% -4.8% 
RMS Error 6.4% 7.3% 
Standard Deviation 5.7% 5.5% 
Table 2 
Errors in the GRAMP predictions, and from the use of the Look Up Tables. 
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5.3 GRAMP predictions of LUT Data 
The LUT themselves provide, in effect, a large body of (indirect) experimental measurements 
against which to assess the GRAMP model. Since our concern here is with the film dryout 
regime, it is necessary first to identify just which of the LUT cases fall into this regime. 
5.3.1 LUT Data on Flow Regime Maps 
Figure 9 and Figure 10 shows CHF values from the LUT plotted over the Hewitt-Roberts flow 
regime map (Hewitt and Roberts, 1969) at 70 and 160 bar (broadly BWR and PWR operating 
conditions respectively). The plots indicate that in most of cases the regime associated with 
CHF is annular or wispy annular flow. Especially at high quality (above 10%), annular flow 
prevails even at low mass flow rates (above 300 kg m-2sec-1). As we move towards low quality 
(less than 10%), the annular or wispy annular flow exists only at high mass fluxes (above 1500 
kg m-2sec-1). It is also evident at very low quality, or for negative quality, the regime 
associated to CHF will be bubbly flow even at very high mass flow rates. 
At conditions related to BWR’s, i.e. typically 70 bar, mass flux in excess of 1000 kg m-2 s-1 and 
quality above 10%, all points lie in the annular or wispy-annular flow regime, which is 
consistent with the observation that the main mechanism of CHF in BWR’s is annular film 
dryout. In contrast, in the case of PWR’s (pressure ~155 bar, mass flux in excess of 2000 kg m-2 
s-1, very low or negative qualities), the local CHF mechanism will tend to be departure from 
nucleate boiling (DNB), as most of the points lie in the slug or bubble flow regime. However, 
if the cause of CHF is a run-down of the flow, then annular flow may prevail. Moreover, even 
at 160 bar, annular flow prevails at high values of mass flow rate for a wide range of qualities. 
5.3.2 LUT Data Predictions 
The annular flow dryout model of the GRAMP code has been applied to predict the LUT data 
for CHF in this regime. Results from these predictions are shown in Figure 11 and Figure 12. 
Generally, GRAMP predicts CHF data trends very well at higher qualities but the results tend 
to deteriorate as we move towards lower qualities. The correct variation with pressure is 
predicted, as is seen in Figure 13. 
Since most of the data fall into the churn, annular and wispy annular flow regimes (see 
Figure 9 and Figure 10, the differences at low qualities might be due to the persistence of the 
higher entrained fractions observed in churn flow. A method of predicting entrained fraction 
in churn flow has been developed (Ahmad et al, 2010) and is currently being extended to 
CHF prediction. 
6 CONCLUSIONS 
It is necessary to be able to determine CHF values with sufficient confidence to allow their 
use in safety cases, and for design and optimization. To do so for highly non-uniform axial 
variations of heat fluxes is becoming increasingly important for modern reactor designs, with 
high burn-ups and long life cores. There is a growing need for an accurate and flexible 
method to do this, and one which reduces the requirement for very specific and extensive 
measured data, and which allows complex features such as axially non-uniform heat fluxes to 
be incorporated with confidence. 
Phenomenological models can in principle play an important role in this, reducing the need 
for very large numbers of measurements. The GRAMP code is being developed to this end, 
and its principles, and the correlations on which it is based, have been described. A necessary 
step in being able to use such approaches is the validation of these models. This comparison 
of the predictions of the GRAMP code with independent sets of experimental measurements 
provides confidence that the formulation of the code, and the models and correlations within 
it, are sound. Validation has been presented here against two independent ‘explicit’ sets of 
uniform heat flux experimental measurements, from BARC and Harwell, and against the 
multiple experimental results agglomerated into the Look Up Tables. Good agreement has 
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been demonstrated. Two important remaining issues have been highlighted. One is that of 
the influence of heat flux on entrainment rate, a longstanding literature conflict. A second is 
the need under some circumstances for a reasonable knowledge of the initial entrained 
fraction at the onset of annular flow. It has been demonstrated here that over much of the 
parameter space of importance the uncertainty that this introduces is modest, but the classes 
of case under which this is of greater importance have been identified. Further validation of 
GRAMP is in hand against the much smaller, and generally less well characterised, set of 
non-uniform heat flux data. 
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8 NOMENCLATURE 
 
C mass concentration of droplets (mass per unit volume) 
D deposition rate (mass per unit area per unit time) 
d diameter 
E entrainment rate (mass per unit area per unit time) 
g acceleration due to gravity 
G mass flux (mass per unit area per unit time) 
HLG latent heat of vaporisation 
kD deposition coefficient (length per unit time) 
′′q  heat flux 
ULS  superficial liquid velocity 
UGS superficial gas velocity 
UGS
*  dimensionless superficial gas velocity 
V evaporation rate (mass per unit area per unit time) 
x quality 
z Vertical position in pipe 
 
Greek letters 
ρ  density 
μ  viscosity 
σ  surface tension 
θE  entrained fraction  
 
Subscripts 
L liquid 
LE entrained liquid 
LF liquid film 
LFC critical liquid film 
G gas 
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Figure 2 
Indicative regions of operation of CHF mechanisms (Hewitt, 1982; Semeria and Hewitt, 1972) 
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Figure 3 
Annular flow in a vertical pipe, indication the various physical processes and associated 
notation 
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Figure 4 
Simplified representation of a generic loop for the conduct of CHF measurements, based on 
the one employed at BARC: 
A Pump, B Preheater, C Flow (orifice) meter, D Isolation valve, E flow control valves. 
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